ABSTRACT During the differentiation of ovarian granulosa cells, follicle-stimulating hormone (follitropin; FSH) mediates the induction of cell surface receptors for luteinizing hormone (lutropin; LH). Using primary cultures of porcine granulosa cells, we demonstrate that both the induction and maintenance of LH receptors are critically dependent upon the continual presence of FSH. The termination of FSH-promoted LH receptor induction is paralleled by the termination of FSH-induced intracellular cAMP accumulation. Changing the medium is without effect on FSH-induced appearance of LH receptors. Furthermore, 1 mM aminoglutethimide, which completely blocks FSH-stimulated progesterone biosynthesis, does not decrease the induction of LH receptors by FSH. Thus, the induction of LH receptors by FSH does not appear to require the accumulation of a factor in the medium, nor does it appear to be mediated via FSH-stimulated progesterone synthesis. These data suggest that intracellular cAMP, produced while FSH remains bound to the cell surface, mediates the induction of LH receptors and that the continual presence of FSH is required for both the induction and maintenance of cell surface LH receptors.
A critical step during the differentiation of ovarian granulosa cells is the follicle-stimulating hormone (follitropin; FSH)-dependent acquisition of receptors for luteinizing hormone (lutropin; LH) (see ref. 1 for review). In recent years, several different systems have been described in which primary cultures of granulosa cells are maintained such that they retain their ability to respond in vitro to FSH with an increase in the density of LH receptors (2) (3) (4) (5) (6) . It has been shown that the ability of FSH to induce LH receptors in granulosa cells is due to its ability to activate adenylate cyclase because other compounds that stimulate adenylate cyclase, such as cholera toxin, or the direct addition of cAMP or its analogues to the cells also cause the appearance of LH receptors (4, (7) (8) (9) ).
The precise mechanisms by which FSH-stimulated increases in cAMP increase LH receptors are not understood. By analogy with other eukaryotic cells, it is generally assumed that cAMP stimulates LH receptor appearance in granulosa cells via activation of a cAMP-dependent protein kinase(s) which subsequently phosphorylates specific proteins (10) (11) (12) (13) . Indeed, Richards and Rolfes (14) have demonstrated specific binding of 8-N3-[32P] cAMP to the putative regulatory subunit of type II protein kinase in the cytosolic extract of granulosa cells obtained from estradiol/FSH-treated hypophysectomized rats. They did not observe, however, a concomitant increase in protein kinase activity. Interestingly, the same authors observed a cAMP binding protein associated with the nucleus of granulosa cells from similarly treated rats, thus raising the possibility of cAMP-mediated genomic regulation. Indirect data, such as the ability of cycloheximide to inhibit FHS-dependent LH receptor appearance and the demonstration of a lack of preformed intracellular LH receptors in cultured granulosa cells prior to exposure to FSH (15) , suggest that cAMP causes the de novo synthesis of LH receptors.
Using primary cultures of porcine granulosa cells, we addressed the question of whether the FSH-dependent appearance of LH receptor is dependent upon the continual presence of FSH or whether, after a given period of exposure to FSH, granulosa cells undergo a "committed step" such that FSH could be removed and LH receptor induction would proceed normally. As a corollary to this, if FSH is indeed required throughout the induction period, might this requirement be a reflection of the need for the accumulation of a cAMP-dependent factor(s), such as a steroid, in the medium?
The results presented herein demonstrate that the continual presence of FSH is necessary for the induction and maintenance of the LH receptor in cultured granulosa cells. Furthermore, the data suggest that this induction is mediated directly by increases in intracellular cAMP and not by the accumulation of factors in the medium.
MATERIALS AND METHODS Materials. Hanks balanced salt solution, Dulbecco modified Eagle medium (DME medium), penicillin/streptomycin, and Fungizone were from GIBCO. Bovine serum was obtained through Sterile Systems (Logan, UT). The 24-multiwell culture dishes were from Falcon Plastics (Los Angeles, CA). Calf thymus DNA and crude human chorionic gonadotropin (hCG) were from Sigma and diaminobenzoic acid was from Aldrich. Carrier-free Na'lI, [1,2,6,7- Porcine FSH (potency, 0.69 ± 0.06 NIH-FSH-S1 unit/mg and <0.010 NIH-LH-SI unit/mg) and highly purified hCG (batch CR-121) were obtained through the National Hormone and Pituitary Program. Aminoglutethimide was a gift from CIBAGeigy (Basel, Switzerland).
Preparation and Culture of Granulosa Cells. Ovaries from nonpregnant cycling adult sows were collected on ice from a local slaughterhouse in Hanks balanced salt solution containing penicillin/streptomycin (20 units/ml) and Fungizone (90.5 ,ug/ ml). Granulosa cells from 3-to 5-mm follicles were obtained by mechanical agitation as originally described by Haney and Schomberg (16) . Granulosa cells were diluted into DME meAbbreviations: LH, lutropin (luteinizing hormone); hCG, human chorionic gonadotropin; FSH, follitropin (follicle-stimulating hormone).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisenent" in accordance with 18 U.S.C. §1734 solely to indicate this fact. dium supplemented with gentamycin (40 pug/ml) and bovine serum (5%) (hereafter referred to as DME + A/S). After One day after plating, the cells were washed once with 1 ml of DME + A/S and then reincubated with 1 ml of DME + A/S containing porcine FSH (1.5 ,g/ml). Preliminary experiments utilizing 0.15-15 ,ug of FSH per ml (not shown) had shown that 1.5 ,g/ml is optimal in inducing LH receptors.
Acid Removal of FSH. FSH bound to the cell surface was removed by using the method described by Ascoli (17) for the removal of receptor-bound hCG from Leydig tumor cells. Briefly, the cells were placed on ice and washed five times (each wash, 1 ml) with ice-cold DME + A/S. One milliliter of icecold 50 mM glycine HCI/100 mM NaCl, pH 3.0 was added and the cells were incubated for 2 min at 40C. The acid was aspirated, and 1 ml of the same acid was added again and aspirated immediately. The cells were removed from the ice, washed twice (1 ml each) with warm DME + A/S and recultured with 1 ml of DME + A/S with or without FSH (1.5 gg/ml).
Measurement of LH/hCG Receptors in Intact Cells. Highly purified hCG was iodinated with lactoperoxidase (18) to a specific activity of about 50 Ci/g (1 Ci = 3.7 x 1010 Bq). 125I-Labeled hCG (125I-hCG) was stored at -20°C and used within 4 weeks of preparation. Within a given experiment, all binding assays were done with the same preparation of '"I-hCG.
125I-hCG binding incubations were performed directly in the culture wells. Cells were washed twice with warm DME medium. The binding incubation was initiated by adding 0.5 ml of warm DME + A/S containing 125I-hCG (40 ng/ml) to each well. Preliminary experiments (not shown) had indicated that incubation for 3 hr at 37°C under these conditions yielded maximal 125I-hCG binding. To terminate the binding assay, the plates were placed on ice and rapidly washed with five 1-ml portions of ice-cold phosphate-buffered saline (pH 7.4) containing 1 mg of bovine serum albumin per ml. To obtain the samples from the culture wells, wells were incubated overnight at room temperature with 0.5 ml of 0.5 M NaOH. The contents of each well were collected and rinsed with another 0.5 ml of 0.5 M NaOH, and this wash was combined with the first NaOH extract. The samples were assayed in a Beckman 4000 gamma counter (at an efficiency of 75%). Nonspecific binding was defined as that binding not competetively inhibited by crude hCG at 50 international units/ml (100-fold excess) and represented <10% of the total binding. DNA was measured by precipitating the 1.0-ml 0.5 M NaOH samples and 1.0-ml DNA standards in 0.5 M NaOH with an equal volume of cold 2.5 M perchloric acid. After 90 min on ice, the samples were centrifuged for 30 min at 2,500 rpm in a Beckman TJ-6, the supernatants were.aspirated, and the pellets were redissolved in 100 ,ul of 0.5 M NaOH. Aliquots (90 ,ul) of these samples were then transferred to glass tubes. DNA was measured fluorometrically by using diaminobenzoic acid (19) .
All binding data are expressed as pg of 1251-hCG bound per ,g of DNA and represent the total specific cell-associated radioactivity.
Measurement of Progesterone and cAMP. Extracellular progesterone was extracted from the incubation medium with anhydrous ether and measured by radioimmunoassay with [3H]-progesterone as the radioligand. The progesterone antiserum used was kindly provided by Mario Ascoli of this institution and has been characterized elsewhere (20) .
Samples were prepared for cAMP measurement as follows. At the indicated times, the cells were placed on ice and 1 ml of incubation medium from each well was removed and combined with 1 ml of ice-cold 1 M HCl04 containing 2 mM theophylline and a trace amount of [3H]cAMP to follow recoveries. These samples were used to measure extracellular cAMP. To determine the quantity of cAMP that was associated with the cells (intracellular cAMP), the cells were quickly washed twice with 1 ml of ice-cold phosphate-buffered saline containing bovine serum albumin (1 mg/ml) and 1 mM theophylline. Ice-cold 0.5 M HC104 (0.3 ml) containing 1 mM theophylline and a trace amount of [3H]cAMP (to correct for procedural losses) was added to each well and the contents of each well were scraped into tubes. A second 0.3 ml was used to rinse each well and was combined with the first extract. cAMP was isolated and measured in each sample by radioimmunoassay as described (21). The antiserum to cAMP was generously provided by David Garbers of this University. When FSH (1.5 ,g/ml) was added to our primary cultures of porcine granulosa cells, there was a rapid increase in the level of intracellular cAMP which reached a peak at approximately 1 hr after FSH addition and then declined (data not shown). Intracellular cAMP remained above basal levels up to 48 hr after the addition of FSH (Fig. 2) . To assess whether functional receptor occupancy by FSH was terminated by exposure to acid under our experimental conditions, we incubated cells for 24 hr with FSH, removed FSH by acid treatment, incubated the cells another 24 hr in the absence of FSH, and then measured intracellular and extracellular cAMP (Fig. 2) One consequence of increased cAMP production by FSH in granulosa cells is the stimulation of steroidogenesis, resulting in increased progesterone production. Therefore, one possible mechanism of FSH action that would account for the requirement of persistent exposure to FSH for LH receptor induction would be the cAMP-dependent accumulation of a steriod or other necessary factor in the medium. If extracellular progesterone or another cAMP-produced mediator were necessary for LH receptor induction, one would expect to see decreased receptor induction due to changing the medium (even in the presence of FSH) as a consequence of dilution in the concentration of the putative mediator in the medium. In fact, as shown in Fig. 1 , replacing conditioned FSH-containing medium after 24, 48, or 72 hr with fresh FSH-containing medium for a subsequent 24 hr incubation had little or no effect on '25I-hCG binding.
RESULTS
The possibility remained, however, that sufficient mediator was produced by FSH after change of the medium to sustain LH receptor induction. A possible role for progesterone as a mediator of FSH induction of LH receptors has been suggested previously (5) . Therefore, to examine directly whether progesterone is involved in the induction process of LH receptors by FSH, we studied the effect of aminoglutethimide on FSH-mediated LH receptor induction. Aminoglutethimide inhibits steroid production by inhibiting the conversion of cholesterol to pregnenolone (22, 23) . Normally, granulosa cells produce large amounts of progesterone in response to FSH (1) . The inclusion of 1 mM aminoglutethimide fully inhibited FSH-stimulated steriod production in these cells (Table 1) . However, it did not diminish FSH-dependent LH-receptor induction. Thus, FSHmediated LH receptor induction does not appear to require the stimulation of progesterone production.
DISCUSSION
Earlier studies (24, 25) on the induction of LH receptors by FSH in estradiol-treated hypophysectomized rats showed that, when injections of FSH were stopped prematurely, LH receptor levels declined, suggesting that the continual presence of FSH might be required for LH receptor induction. Unfortunately, in in vivo studies one cannot readily distinguish between direct effects of FSH on granulosa cells and FSH-mediated changes that modulate granulosa cells indirectly. Thus, the ability to evaluate FSH induction of LH receptors in granulosa cells in culture has allowed us to examine directly the requirements for FSH-induced granulosa cell differentiation under carefully controlled conditions.
The results presented herein demonstrate that the FSH-dependent induction of cell surface LH receptors in primary cultures of porcine granulosa cells does not involve a committed step after which receptor induction proceeds without FSH being present. Rather, removal of FSH by washing the cells and exposing them briefly to mild acidic conditions resulted in a decrease in cell surface LH receptors to nearly basal levels within 24 hr after FSH removal. These data suggest that cell surface LH receptors turn over quite rapidly and that the continued presence of FSH is necessary to maintain a net accumulation of LH receptors at the cell surface. Thus, FSH appears to be necessary both for the expression of cell surface LH receptors and for their maintenance once expressed (cf. Figs. 1 and 2) .
A critical aspect of these studies was the use of a 2-min exposure of the granulosa cells to ice-cold 50 mM glycine-HCl/ 100 mM NaCl, pH 3.0 (18), to remove surface-bound FSH. One potential problem we anticipated was that, even if most surface-bound FSH were removed by this method, a small percentage of residual, occupied FSH receptors might be sufficient to stimulate cAMP production and hence induce LH receptors. Therefore, cAMP levels were measured as a means of demonstrating that a sufficient percentage of bound FSH was removed with the acid treatment such that the immediate biological action of FSH (i.e., increased cAMP production) was terminated (Fig. 2) .
It has been suggested (5) that the FSH-dependent accumulation of a steroid or other factor in the incubation medium might be necessary for LH receptor induction. This possibility was evaluated indirectly by changing FSH-containing incubation medium during the LH receptor induction. In contrast to reports by others (5, 7), we did not observe any reduction in LH receptor induction as a result of changing the medium ( normally under conditions such that FSH-stimulated progesterone production is fully inhibited ( Table 1) . These data conflict with those of Rani et 
